The eukaryotic genome is packaged into arrays of nucleosomes, the primary structural units of chromatin, which are composed of a histone octamer and 147 bp of DNA. Chromatin alteration is an essential step in the regulation of gene expression.
P. In this regard, because of the hazardous nature of radioactive materials, a special facility for RI experiments is required, and radioactive waste must be discarded under strict regulations. Although DNA sequences were previously determined by chemical degradation or dideoxy methods by autoradiography using 32 P or 35 S in the 1970's to 80's, the development of DNA sequencers made it possible to avoid using radioactive materials. In principle, automated DNA sequencers can be utilized for footprinting experiments, and several reports of in vitro DNase I footprinting using DNA fragments end-labeled with fluorescent dyes [3] [4] [5] [6] and one report of in vivo footprinting using ligation-mediated PCR (LM-PCR) 7) have been published. In contrast to these published techniques, our studies have focused on applications of an infrared-fluorescence DNA sequencing instrument in combination with a multi-cycle primer extension reaction, to analyze protein-DNA interactions in yeast chromatin in vivo. The yeast Saccharomyces cerevisiae has been a focus for research on the structure and function of chromatin, in relation to transcriptional regulation as well as DNA replication, repair and recombination. We show here that nucleosome mapping and activator binding in yeast minichromosomes in vivo can be detected by multi-cycle primer extension with a DNA sequencer. Furthermore, this method is useful to determine the positions of nucleosomes reconstituted in vitro on the 5S DNA fragment.
MATERIALS AND METHODS
Plasmids and Strains pKB112 is a CYC1-lacZ plasmid, as described previously. [8] [9] [10] TALS is a derivative of the TRP1ARS1 plasmid, which contains 356 bp of the STE6 promoter region, as described previously.
11) pKB112 and TALS, which exist in multiple copies in the yeast cell, were introduced into a Saccharomyces cerevisiae strain AMP108 [MATa ura3 trp1 leu2 lys2 ho::LYS2] 9) by the lithium acetate method.
12)
In Vivo UV-photofootprinting in Yeast In vivo UVphotofootprinting was performed as described previously, 13, 14) with minor modifications. Yeast cells harboring the plasmid pKB112 were grown in 1 l of SC-Ura medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 0.2% of uracil-drop-out mix) to an OD 600 ca. 0.5, harvested, and resuspended in 15 ml of fresh SC-Ura medium.
12) Portions (1.5 ml) of the cell suspension were irradiated with UV light (254 nm), using doses of 500, 750 and 1000 mJ/cm 2 , by a UV-Crosslinker (FUNAKOSHI). The DNA was purified as described previously. 13, 14) As a control, purified DNA in 300 ml of PBS buffer (0.14 M NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4) was irradiated using doses of 120, 240 and 480 mJ/cm 2 . The DNA was precipitated with ethanol, and resuspended in 100 ml of TE buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA). DNA solutions were purified by Wizard DNA Clean-Up System (Promega), precipitated with ethanol, and resuspended in 50 ml of TE buffer. The sites of the UV photoproducts were analyzed by multi-cycle primer extension mapping using Taq DNA polymerase as described 15) with minor modifications. A 10 ml aliquot of the DNA was combined with 1.0 pmol of the IRDye800-end-labeled primer URA3T708 (5Ј-GAC TAT TTG CAA AGG GAA GGG ATG CTA AGG-3Ј), 5ϫTaq buffer (50 mM Tris-HCl, pH 8.3, 250 mM KCl, 15 mM MgCl 2 , 0.25% NP-40, 0.05% Tween 20), and 2.5 units of Taq polymerase (total 50 ml). The DNA/primer mix was denatured at 94°C for 1 min, annealed at 48°C for 2 min, and then extended at 72°C for 2 min. This cycle was repeated 15 times. After the multi-cycle primer extension reaction, the DNA was precipitated with ethanol. The samples were resuspended in 4.5 ml of loading buffer (63.3% formamide, 13.3 mM EDTA, 0.03% bromophenol blue, 0.03% xylene cyanol FF), denatured, and analyzed by an infrared fluorescence DNA sequencer (LI-COR 4200L).
In Vivo and in Vitro
Analysis of Chromatin Structure in Yeast Yeast cells harboring the plasmid TALS were grown in 1 l of SC-Trp medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 0.2% of tryptophan-drop-out mix) 12) to an OD 600 ca. 1.0 and were harvested. Nuclei were isolated as described previously.
15) The nuclear pellet was gently suspended in 2.0 ml of the digestion buffer (10 mM HEPES, pH 7.5, 0.5 mM MgCl 2 , 0.05 mM CaCl 2 , 1 mM phenylmethlysulfonyl fluoride). Aliquots (200 ml) were digested with 0.625, 1.25 and 2.5 units/ml of micrococcal nuclease (MNase, Worthington) at 37°C for 10 min, and the reactions were terminated by the addition of 0.1 volume of 0.1 M EDTA. The DNA was purified as described previously.
15) The purified DNA was digested with 0.5 and 1.0 units/ml of MNase to provide the naked DNA control. The degree of digestion was monitored by 1% agarose gel electrophoresis. The DNA solutions were purified by Wizard DNA Clean-Up System (Promega), precipitated with ethanol, and resuspended in 50 ml of TE buffer. The MNase cleavage sites were analyzed by multi-cycle primer extension mapping, using Taq DNA polymerase, as described in the above section, except that the IRDye800-end-labeled MS2 oligonucleotide (5Ј-TTA GGC ACC CCA GGC TTT ACA CTT TAT GCT TCC GG-3Ј) was used as a primer, and the cycle was repeated 20 times.
Analysis of Nucleosomes Reconstituted in Vitro Nucleosomes were reconstituted with purified core histones and the 195 bp DNA fragment from the Lytechinus variegates 5S ribosomal RNA gene (5S DNA) by the salt-dialysis method, as described previously.
16) The nucleosomes samples containing 200 ng DNA were treated with 25, 50 and 100 unit/ml of MNase (Takara) for 5 min at 23°C, and the reactions were stopped by the addition of 60 ml of a proteinase K solution (20 mM Tris-HCl, pH 8.0, 20 mM EDTA, 0.5% SDS, and 0.5 mg/ml proteinase K (Roche)). After a 15 min incubation at 23°C, the DNA was extracted with phenol-chloroform, and was precipitated with ethanol. The DNA fragments protected from the MNase digestion were separated by 10% polyacrylamide gel electrophoresis (PAGE) in 0.2ϫTBE buffer (18 mM Tris base, 18 mM boric acid, 0.4 mM EDTA, pH 8.3) at 8.33 V/cm for 3 h. The bands were visualized by ethidium bromide staining. The 147 bp DNA fragments protected from the MNase digestion (25 units/ml) were isolated from the gel by the electro-elution method in 0.2ϫTBE buffer. The IRDye700-end-labeled 22-mer primers, which hybridize to the middle of the 195 bp DNA fragment, were annealed to the isolated 147 bp DNA fragments (3 ng/ml), and were extended to the ends of the fragments by Thermo Sequenase DNA Polymerase (GE Healthcare), under the conditions of 95°C for 5 min, 50°C for 15 s, 70°C 5 min, and 4°C. In this reaction, 100 mM of IRDye700-end-labeled primer, 125 mM of dNTP, and 0.2 unit/ml Thermo Sequenase DNA Polymerase were mixed in 10 ml of 13 mM Tris-HCl buffer (pH 9.5) with 3.3 mM MgCl 2 . After the extension reactions, the samples were denatured and were analyzed by an infrared-fluorescence DNA sequencer (LI-COR 4300S).
RESULTS
Previous studies showed that an automated infrared DNA sequencer can be successfully used to detect in vitro DNase I footprinting with end-labeled DNA fragments, prepared by PCR using a fluorescent dye-labeled primer. 3, 4) However, this labeling technique is not applicable to in vivo footprinting. In vivo genomic UV-photofootprinting with an infrared DNA sequencer was reported in combination with the LM-PCR technique, 7) but this method is tedious to perform. To establish a simplified, non-radioisotope (non-RI) footprinting method for both in vivo and in vitro applications, we examined whether an infrared-fluorescence DNA sequencer could detect the products of multi-cycle primer extension reactions. We have been studying nucleosome positioning and transcription factor binding in yeast chromatin. Yeast cells were UV irradiated, thus introducing UV-photoproducts into the DNA. As a control, naked DNA in solution was UV irradiated. The presence of a protein bound to DNA alters the local UV sensitivity, and may either enhance or prevent the production of a photoproduct. The DNA was then purified for footprinting experiments. The UV-photoproducts, as shown by asterisks, block primer extension with an oligonucleotide labeled with infrared fluorochromes (IRDye800), and thus the UV-photoproduct sites can be mapped by the sizes of the primer extension products using an infraredfluorescence DNA sequencer. methods. We also applied this non-RI method to analyze the positions of nucleosomes reconstituted from the 5S DNA fragment in vitro, which has been well characterized. 21, 22) Activator Binding in the CYC1 Promoter in Vivo Figure 1 shows an overview of in vivo UV-photofootprinting. UV-photofootprinting has been widely used for analyzing DNA structures and protein-DNA interactions in vitro and in vivo. 9, 10, 13, 14, 18, 20) This technique is based on the premise that changes in the DNA structure or the formation of protein-DNA complexes will alter the rates of dimerization of adjacent bases on a particular DNA strand. 10, 13) In this study, we analyzed the binding of the yeast activators Hap1 and Hap2/3/4/5 to their recognition sites in the CYC1 promoter in pKB112 in vivo, which was bound by histone octamers and existed as minichromosomes in yeast cells. The CYC1-lacZ reporter gene is one of the most widely used reporter systems, and the CYC1 promoter includes binding sites for two different transcriptional activators: Hap1, a Zn 2 Cys 6 binuclear zinc cluster protein that binds to UAS1, and Hap2/3/4/5, the yeast CCAAT-binding complex that binds to UAS2 (Fig. 2A) . 8) The signals of the UV-photoproduct sites were amplified by 15 cycles of primer extension reactions with an oligonucleotide labeled with infrared fluorochromes, and were detected with an infrared fluorescence DNA sequencer. Figure 2B shows in vivo UV-photofootprints of the CYC1 promoter region. In the middle of the UAS1 site in the noncoding (bottom) strand of the CYC1-lacZ reporter gene, a strong hypersensitive site (indicated by an arrow) was detected in whole cells (lanes marked C, lanes 1-3) , but not in naked DNA (lane marked D, lane 4). The enhancement of UV photoproducts at UAS2 nucleotides (indicated by an arrow) was also detectable in whole cells (lanes 1-3) . This footprint profile is identical to our previous results of in vivo UV-photofootprinting of the CYC1 promoter region, as detected by autoradiography of a DNA sequencing gel using a 32 P-primer. 10, 18) The enhancement of UV-photoproducts by Hap1 binding was demonstrated by the fact that this positive signal was abolished in a hap1 deletion mutant strain, and the Hap2/3/4/5 binding was supported by in vivo DMS (dimethyl sulfate) footprinting in combination with UV-photofootprinting. 18) Thus, the binding of the activators Hap1 and Hap2/3/4/5 to their cognate sites was successfully detected by this method, using an infrared fluorescence DNA sequencer.
Nucleosome Mapping in TALS Minichromosomes Assembled in Yeast Cells
The procedure for nucleosome mapping is shown in Fig. 3 . MNase preferentially cuts linker DNA regions between nucleosomes, and hence it has been used to determine the locations of nucleosomes in DNA. Here, we analyzed the chromatin structure of TALS minichromosomes in MATa cells. Prior studies demonstrated that nucleosomes are positioned by the yeast a2/Mcm1 adjacent to the a2 operator. 11, 15, 19) TALS contains the a2 operator from the STE6 promoter, and consists of 10 positioned nucle- 
Fig. 3. Overview of the in Vivo Nucleosome Mapping in This Study
Nuclei were isolated from yeast cells and digested with micrococcal nuclease (MNase). As a control, naked DNA was digested with MNase. MNase preferentially cuts linker DNA regions between nucleosomes in chromatin samples, and thus the nucleosome region is protected from MNase digestion, as compared to the naked DNA samples digested with MNase. The extension of an oligonucleotide primer end-labeled with infrared fluorochromes (IRDye800), with Taq DNA polymerase stops at the MNase cleavage sites, and thus the locations of nucleosomes can be mapped by the sizes of primer extension products, using an infrared-fluorescence DNA sequencer.
osomes in MATa cells (Fig. 4A) . 11, 15) The signals of the MNase cleavage sites were amplified by primer extension with an IRDye800 primer and were detected by the DNA sequencer (Fig. 4B) . In chromatin samples prepared from isolated nuclei, MNase cuts at positions around 1520-1589, 1358 and 1374, and 1201-1222 (lanes 1-3) . The sites cleaved in naked DNA (lane 4), shown by asterisks, were not cleaved in the chromatin samples; that is, the regions from 1520 to 1374 and 1358 to 1222 were protected from MNase digestion in the chromatin samples. The protected regions were about 140-150 bp, which corresponded to the size of the nucleosome, and the MNase cleavage pattern in Fig. 4B is identical to our previous results. 15, 20) Thus, nucleosome positioning can be detected by the method described in this study.
Analysis of Nucleosomes Reconstituted in Vitro
We further applied this technique to analyze reconstituted nucleosomes in vitro. As shown in Fig. 5A , after reconstitution of nucleosomes from purified core histones and 195 bp of the 5S DNA fragment by the salt-dialysis method, 16) the reconstituted nucleosomes were digested with MNase to determine their locations in the 5S DNA. The digested DNA was then purified and resolved by polyacrylamide gel electrophoresis (PAGE) (Fig. 5B) . Since the nucleosome core particle consists of a 147 bp DNA and histone octamers, the discreet DNA bands around 145-150 bp were recovered and purified from the gel. The ends of the DNA fragments, that is, the edges of the nucleosome core particle, were then analyzed by primer extension mapping (Fig. 5C ). In the top strand, three bands were seen near the end of the fragment at positions 1, 2 and 3, while in the bottom strand, three major bands were seen at positions 147, 155 and 156. Thus, the main position of the nucleosome was determined to be at position 1 to 147 in the 5S DNA fragment (Fig. 5D) . It is likely that the bands at 155 and 156 as well as the bands marked with asterisks in Fig. 5C are from incomplete digestion of reconstituted nucleosomes. Our results show that a nucleosome preferentially forms from one end of the 5S DNA fragment in vitro, and the location of the nucleosome agrees with previous results obtained by classical in vitro mapping methods. 21, 22) 
DISCUSSION
In this report, we have described multi-cycle primer extension with an oligonucleotide labeled with infrared fluorochromes (IRDye800 or IRDye700), to analyze protein-DNA interactions in vivo and in vitro. There have been reports of footpriniting procedures using an automated DNA sequencer. In most of the reported studies, in vitro DNase I footprinting was utilized to detect the binding sites of several transcription factors and drugs. [3] [4] [5] [6] In these experiments, instead of using DNA fragments labeled with 32 P, the template DNA fragments were prepared by PCR with a fluorescent end-labeled primer, which is a different labeling method from that employed in this study. However, this labeling method is not appropriate for in vivo footprinting. Dai et al. reported in vivo footprinting of the human phosphoglycerate kinase 1 (PGK1) promoter, as well as a Maxam-Gilbert sequencing ladder, using LM-PCR. 7) Although LM-PCR is a powerful genomic analysis technique, it is tedious and timeconsuming to optimize the reaction conditions, because multiple reaction steps, such as primer extension, ligation of the linker DNA with the primer extension product, and PCR to amplify the signals, are involved in LM-PCR. As compared to LM-PCR, multi-cycle primer extension mapping, which is described in this paper, is simple to perform, and the optimization of the reaction conditions is not time-consuming. Specifically, a fluorescent oligonucleotide is added as a primer with template DNA samples in one reaction with Taq DNA polymerase, and the signals are amplified linearly with the cycles. A potential disadvantage of multi-cycle primer extension is lower sensitivity, as compared to LM-PCR, but we demonstrated that it is reasonably detectable in yeast minichromosome systems in vivo and for the in vitro mapping of nucleosomes. Thus, the sensitivity of this method is essentially comparable to that using RI. In addition, the procedures presented here should be applicable to other footprinting methods, such as dimethyl sulfate (DMS) or DNase I. This technique will be useful as an alternative method to radioisotope detection, and our method will facilitate studies of the mechanisms of gene expression in prokaryotes and eukaryotes.
